This paper presents a design and optimization procedure for a dual-stator machine with a diametrically magnetized PM to improve the electromagnetic performance. First, analytical design equations are presented based on MEC analysis; they are used to design a basic dual-stator machine. Then, by applying an artificial intelligence algorithm, the machine is optimized to achieve high efficiency and torque density, and low pulsating torque for direct-drive applications. A quantitative comparison is performed between the optimized new machine and conventional dual-stator machines to evaluate the performances and improvements of the understudy machine. The machine performance, including air-gap flux density distribution, back electromotive force, electromagnetic torque, cogging torque, and torque ripple are analyzed by the finite element method. The analysis results have demonstrated that benefiting from its topology, the optimized dualstator machine with diametrically magnetized PM has the comprehensively better performance, including higher torque density, higher efficiency, and lower torque ripple and cogging torque compared to conventional dual-stator machines.
factor and efficiency [1] [2] [3] . Because of better utilization of materials and high performance, three-phase PMSMs are the most common for the mentioned applications [1] . The dual air-gap PMSMs such as dual-stator PM synchronous machines (DS-PMSM) [4] [5] [6] [7] and dual-rotor PM machines [8] [9] [10] [11] offer much higher power density than the conventional ones because of the total output torque results from the torque components produced by the interactions in two air-gap flux densities.
Lately, various DS-PMSM machines are being researched [1] , [12] [13] [14] [15] [16] that provide better performances over the previously introduced machines. Spoke-type electrical machines have been found useful because of their enhanced torque density and flux focusing effects. A dual-stator spoke-type Vernier machine (DSSTVM) realizes a flux-focusing effect on Vernier machines and so, achieves a high value of power factor. However, DSSTVM only focused on this factor for the Vernier machine. In [17] [18] , high-temperature superconductor bulks were utilised in the PM Vernier machine to shield the leakage flux and increase the torque density.
Also, cogging torque is one of the primary drawbacks of PMSMs, especially for low speed and direct-drive applications which results in vibration and acoustic noise [19] .
A novel topology for DS-PMSM has been introduced in [4] . In this paper, first, an analytical model for air-gap flux density calculation in a variable thickness DS-PMSM is presented and verified by a numerical method. This model could be used for the primary design objectives. Then, the structure optimization is investigated to find the appropriate motor for high torque and low-speed applications.
A comparative study of the new proposed DS-PMSM [4] and previously researched machines is performed for high torque and low-speed applications, where the critical parameters are torque ripple, cogging torque, torque density and efficiency. To disclose the characteristics, the finite element method (FEM) analysis is used. A smaller thickness at the edges compared to the centre of a PM results in a lower tooth-torque and the PM leakage flux [4] (fig. 3 ).
Machine Topology and Field Calculations

Air-gap Flux Density Calculation Using MEC
The variable PM thickness changes the trapezoidal flux density distribution to a sinusoidal. In most models of the magnetic equivalent circuit (MEC) for PM machines, the PM is represented by a flux source and a reluctance [20] . Because of the varying PM thickness, such models are not accurate enough to determine the air-gap flux density distribution.
So, a new approach will be proposed in this section for these structures, and the results will be compared using the FEM analysis results. It is not easy to determine an analytical equation for the leakage reluctance, but the air gap flux can be written in terms of the magnetic flux as gl K   where, l K is a leakage factor that is typically a little less than one. In other words, the leakage reluctance can be eliminated by using this relationship. For the motor with surface PMs, the leakage factor is typically in the range of 0.9 1 l K  . Because of the saturation characteristic of ferromagnetic materials, the steel reluctance ( s R ) is nonlinear. Therefore, this reluctance must be eliminated in some way to find an analytical solution. As the permeability of the steel is high, the steel reluctance is small in comparison to the air gap reluctance g R .That is, the steel reluctance can be eliminated by introducing a reluctance factor r K . Here r K is a constant that increases the air gap reluctance slightly to consider steel reluctance. The reluctance factor is in the range of 1. 
MEC Calculations
Using fig. 5 , the flux is calculated by:
Considering: 
A are the PM cross-section area and thickness, and the air-gap length and cross-section area, respectively.
Using:
the air-gap flux density is:
The PM to air-gap area coefficient, or flux concentration factor c is equal to 1 for surface mounted PM machines [20] .
For the current topology with a stack length of L , and considering fig. 6 , it is calculated as follows:
,
In addition, the effect of open slots of the stator is handled by the Carter coefficient. In other words, the real air gap is replaced by an equivalent air gap [21] . 
Flux Density Distribution Verification and Machine Dimensions
Using Equation 5, for a basic machine, the air-gap flux density distribution results as shown in fig. 7 . This figure also compares the analytical results with the numerical field calculations by FEM that verifies the accuracy of the proposed analytical method. Also, the peak flux density calculated by the MEC is exactly coincident with the numerical analysis. The discrepancy in the two ends of the magnetic flux density distribution is due to the flux fringing effect, as the proposed model simplifies the magnetic circuit to reduce the calculations.
If the machine is designed to have no saturation in critical points, linear behavior in the whole range of operation would be achieved. So, the average magnetic flux density in the mentioned points that are inner and outer stators are calculated as:
.
Here, s l and L are the stators yoke thickness and the machine axial length, respectively. In the design process,
should be kept below the saturation point.
Machine Design and Optimization
Design Algorithm
In this subsection, the design algorithm is explained step by step. Fig. 8 depicts the flowchart of the design process with the main values tabulated in Table 1 .
Design Criteria
There are some specific constraints for design of electric machines in every application. The maximum current density, the maximum flux densities in the teeth and the yoke, and the maximum temperature are some of the most important limitations. In the first step, the required design specifications for the proposed machine should be determined. Here, the design variables are chosen as the radii of the inner and outer air-gap, the number of slots, and the pole-arc to pole-pitch ratio.
The final values are given in Table 1 .
Number of poles and the pole-arc width
The length of pole-arc is the main difficulty in using DMCPMs for designing DS-PMSMs, especially in the low-number of pole-pair structures. As fig. 2 shows, increasing the pole-arc results in higher thickness of PMs. To overcome this, one approach is to increase the number of poles, which decreases the mechanical pole-arc angle. Here, according to the maximum speed of the application and the width of the pole-arc, the number of poles is selected.
Slot width, combinations of the numbers of slots and poles, and winding layout
By using the results of section two, it can be concluded that the most reduction of the cogging torque appears where the diameter of the PM is equal or smaller than the width of the tooth [4] . The appropriate diameter of the PM can be realized by using the fractional slot structure with the number of slots per-pole per-phase less than unity ( 1) q  .
Equation (9) shows the cogging torque goodness factor,
where, if C is small, the cogging torque will be low [22] . Here, P is the number of pole pairs, s N the number of slots, and C N the smallest common multiplier of numbers of slots and numbers of poles. In general, there are two types of winding configuration: distributed and concentrated. The concentrated winding is more appropriate for this structure due to its advantages following reasons [23] :
-fractional slot structure -slots per-pole per-phase less than unity ( 1) q  -high power and efficiency -short end winding and consequently, less copper loss -increased torque to current ratio due to the high slot fill factor It should be noted that the concentrated winding produces harmonics in the air-gap magneto-motive force (mmf) that increases iron loss in the rotor, especially in non-laminated structures. Here, due to the use of aluminum in the structure of the proposed rotor, the iron losses of the rotor are neglected.
The air-gap radii and flux density
The design algorithm has a loop for the number of poles, the air-gap radius, the air-gap flux density, and the PM thickness and to calculate the inner and outer air-gap radii. Air-gap flux density is calculated by 2 nd section equations. It should be mentioned that this algorithm is not suitable for the low-pole structures with the number of poles smaller than 12.
Back-EMF and torque characteristics
After satisfying the air-gap flux density, the primary machine characteristics, such as the cogging torque, torque ripple, the average torque, and the efficiency are calculated. If the results are acceptable, the process will be finished. If not, the process will go back to the first step, and the design constraints will be changed within the allowable range until the design goals are satisfied.
Optimization Approach
For high torque and low-speed applications, the essential characteristics are air-gap flux density, back EMF, torque density, efficiency, and losses. Dual-stator machines inherently have a higher torque density compared to single-stator machines as the produced torque is the sum of the two air-gap torques.
The principal objective of the DMCPM optimization is machine efficiency, but the cogging torque and torque ripple and density are considered as the constraints in this process.
The primary design parameter that affects the machine performance is the rotor radius. This parameter determines the rotor position between the two stators. For a constant PM radius, the rotor radius defines the PM arc to pole arc ratio (  ) that affects the torque ripple and cogging torque directly [24] .
In the understudy machine, the magnetic circuits of inner and outer stators are in series. Also, the electrical circuits of the stators are in series with the same currents in the windings. The rotor radius determines the slot area and hence the magnetic flux of the two stators. The flux has a significant effect on the machine produced torque and copper loss.
Other optimization parameters are inner and outer stator tooth width that determines the winding space, and subsequently the loss and efficiency. The optimization goal is to maximize efficiency with the constraints that are presented in Table 2 .
For the mentioned objectives and constraints, the designed DMCPM machine has been optimized using the well-known procedure GA [25] .
The initial and optimal values of the geometrical parameters are presented in Table 3 . Fig. 9 shows the flux density distribution, where the tooth maximum flux density is about 1.1T. The back electromotive force and the cogging torque are presented in figs. 10 and 11 that show an increase of 11.7% in the back EMF and the cogging torque from 0.27% to 0.7% in the optimized machine. The higher cogging torque is due to the rotor radius increase, but still is considerably low. Fig. 12 compares the electromagnetic torque of the machines, where it shows a 2.2% increase in the average torque and a 42% decrease in the torque ripple.
Optimization Results
It is remarkable that although the cogging torque has increased, the total torque ripple has improved in the optimized machine. Table 4 summarizes the initial and optimal design parameters. Besides, the comparison of the performance parameters, including efficiency, torque density, back EMF, and losses are presented.
Comparison with Other Topologies
There are recently proposed DS-PMSM machines that have special advantages over previous versions. In this section, machines with similar power ratings are presented and discussed.
Dual-stator spoke-type interior PM machine (S-IPMM) with spoke-type configurations using phase-group concentrated coil (PGCC) windings
A dual-stator S-IPMM is having 24 stator slots (S), and 26 magnet poles (P) with PGCC windings has been proposed in [14] . The two stators in the proposed machine are misaligned by one tooth width. Ferrite PMs are used which are arranged as a spoke-type array with the alternately reversing magnetization direction. Steel sheets of NSSMC 50H470 are utilized for the ferromagnetic parts of the machine.
When the rotor pole rotates to become aligned with the teeth of the stator, nearly all the PM flux corresponding to one phase group will flow into one air-gap for improved air-gap flux density. After the π/2 electrical rotation, the same effects will occur in the other air-gap where the PM flux flows into two air gaps simultaneously. So, a highly improved air-gap flux density results in a higher subsequent torque compared to the conventional dual air-gap machines in which the two air gaps work independently.
A novel dual-stator Vernier permanent magnet machine
The proposed machine has two stators and a sandwiched rotor [15] . The outer stator is a conventional stator with three-phase windings and semi-closed slots, and the inner stator has an iron core, and surface mounted PMs on it. The rotor has a consequent-pole structure with Halbach-array PMs.
The proposed machine can be observed as a superposition of two machines: single-stator PM machine (Machine I: the consequent-pole PM rotor and the outer stator) and a double-stator VPM machine (Machine II: the inner stator, the reluctance rotor, and the outer stator). Because of the self-shielding effect of the Halbach-array magnets, the rotor back iron is not needed for Machine I.
Dual-stator consequent-pole permanent magnet Vernier machine
In the configuration of the proposed machine [12] , there are two stators and a sandwiched rotor. But, some key differences are that in the inner stator, as an alternative of surface-mounted PMs, consequent-pole PMs are used, which reduces the PM volume. The machine can also be considered as a combination of two machines. The structure, including an outer stator, sandwiched rotor, and inner stator iron teeth are termed machine I, whereas the structure comprising an outer stator, iron teeth in the rotor, and the complete inner stator is named machine II. In the proposed machine, machines I and II are both dualstator Vernier machines, which increases the torque density.
The key novelty of the proposed topology is its working principle, where the flux of both rotor and inner stator PMs is modulated, and the back EMF is induced in the winding of the outer stator.
An optimized dual-stator machine with diametrically magnetized PM
The machine designed and optimized in the 3rd section of this paper has been compared with other machines (A to C) in the performances. Table 5 summarizes the results, where the key parameters are torque ripple, cogging torque, torque density, and efficiency.
The torque density of machine D is 208-331% higher, which means that when the same torques are desired for all machines, the active volume of machine D can be 52-70% smaller compared to machines A to C. Table 5 shows that machine D contains at least 65% less cogging torque than other machines based on the FEM results.
The torque ripple of machine D obtained from the torque superposition of the two air-gaps, reduced by 73-95% compared to that of the other machines.
Efficiency is also a significant performance index. It is found that the efficiency of machine D is 2-20% higher than that of machines A to C.
Totally, machine D exhibits significantly improved torque density, torque ripple and cogging torque, and acceptable improved efficiency.
Conclusion
This paper presented the air-gap flux density distribution analysis, design, and optimization of a dual-stator machine with the diametrically magnetized PMs has been presented. After presenting the analytical study of the machine and verification of the analytical solution, the machine was optimized for some output characteristics using artificial intelligence.
Then, a quantitative comparison was carried out between the investigated machines with the aid of the 3D FEM. These comparisons showed that the optimized understudy machine had at least 208% higher torque density, 2% higher efficiency, and lower pulsating torque.
The analyses verified that the optimized dual-stator machine with the diametrically magnetized PM had significant improvements in electromagnetic performances, and so is suitable for direct-drive applications. * Figure Captions 
